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Precise control of the contact force is crucial in the application of non-wearable defecation smart
care (DSC) robot. A deformable shield equipped with a pressure sensing function is designed, with a
bending angle that can be adjusted according to pressure feedback, thus enabling it to adapt to various
body shapes. To improve the force tracking accuracy and prevent obvious force overshoot in the initial
contact stage, a contact force control strategy based on fuzzy adaptive variable impedance is proposed.
The proposed contact force control strategy achieves an average root-mean-square error of 0.024
and an average overshoot of 1.74%. Experimental results demonstrate that the designed deformable
shield can fit the human body well, while the proposed control strategy enhances the contact force

management and realizes the precise control of human-robot contact force.
© 2025 The Author(s). Published by Elsevier B.V. on behalf of Shandong University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With the increasing aging population, the number of elderly
individuals with bed-bound disabilities has grown [1]. The care
of the bedridden elderly poses a higher challenge to other fam-
ily members and social old-age service organizations, among
which the defecation smart care (DSC) is one of the biggest chal-
lenges [2]. The DSC robots can assist bedridden elderly individuals
with toileting needs in bed, provide cleaning and care, improve
their quality of life and reduce the workload of nursing staff [3].

At present, the DSC robot products are primarily wearable,
such as Automatic intelligent toilet care robot (Evercare, Japan)
and Toilet care robot (Zuowei Technology Co., Ltd., China), as
shown in Fig. 1(a), (b). These devices need to be wrapped around
the body’s private parts all day long, and have poor air per-
meability, which can cause a strong sense of confinement and
discomfort.

In recent years, non-wearable DSC robots have attracted con-
siderable attention due to their comfortable and unrestrictive
design, for example, the Solaticare toileting intelligent care robot
(Novamed Europe Co., UK) and the Longevity individuals care
robot (Conbest Co., Ltd., China), with their shield structures il-
lustrated in Fig. 1(c), (d). When the user needs to defecate, the
bed under the hip opens and the shield rises from under the bed
to fit snugly over the body’s private parts. Once the body has
been cleaned and cared for, the shield retracts back into the bed,
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eliminating the need for prolonged contact with the body. This
design does not restrict the elderly’s movements, such as turning
over in bed, thus providing greater comfort and freedom.

However, the bedridden elderly have different body types,
especially most of the elderly are thin and weak [4]. At the
same time, the existing non-wearable shield products have a
simple structure, fixed bending angle and no pressure sensing
function [5]. This results in gaps between the shield and the
human body, does not fit the human body completely, thus
making it easy for sewage to leak out and contaminate the bed
during cleaning. Therefore, it is necessary to design a shield with
a controllable bending angle to automatically match the user’s
shape.

Bedridden elderly individuals are fragile and cannot endure
excessive contact force. When the shield contacts their bodies,
insufficient contact force can result in the leakage of excrement,
while excessive force will cause injury. Therefore, precise control
of contact force is important to ensure the safety of human-
machine interaction [6-9] However, due to the innovative design
of the shield, there are no directly applicable control methods
available for reference. We conducted the survey on the control of
contact force. Impedance control adjusts the robot’s movements
based on its interactions with the environment, enhancing the
robot’s flexibility during operation [10].

In impedance control, environmental stiffness and position-
ing play a critical role in influencing the system’s contact force
control performance [11-14]. In cases where the environmen-
tal stiffness is uncertain or the ambient position changes over
time, the contact force control performance of fixed impedance
parameter control becomes suboptimal. Therefore, researchers
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Fig. 1. Shield structure of DSC robot. (a) Evercare. (b) Zuowei. (c) Novamed. (d)
Conbest.

have improved the impedance control strategy by optimizing
impedance control parameters to adapt to unknown environ-
ments, thereby achieving the desired contact force. Li et al. [15]
combined deep reinforcement learning with impedance control
to realize robot massage tasks, accelerated agent exploration
speed and improved learning efficiency of the contact force under
complex conditions. Hamedani et al. [16] proposed a structured
online adaptation mechanism that employs a wavelet neural net-
work to adjust the impedance parameter, thereby enhancing the
performance of force tracking. Li et al. [17]proposed a particle
swarm optimization algorithm to adjust the impedance control
parameters of the robot and improved the precision of force con-
trol. Zhang et al. [ 18] proposed a method for controlling variable
impedance that relies on an observer. This approach utilized the
observer to determine the variable impedance control rate for
the robot, incorporating compensation for model disturbances,
realized the contact force tracking and fulfilled the operational re-
quirements for grinding thin-walled components. Beber et al. [ 19]
proposed a method utilizing variable impedance control, which
achieved tracking the target contact force throughout ultrasound
procedures. While the varying constitutions of the elderly in bed
and the differing degrees of skin deformation in response to stress
must be taken into account, these factors make achieving better
control challenging. Therefore, an adaptive variable impedance
control strategy is designed to adjust impedance parameters in
real-time during the control process, allowing the system to adapt
to the complexities of human body contact and improve contact
force tracking performance.

When the shield comes into contact with the human body,
contact force overshoot situation may happen [20]. Given the
frailty of bedridden elderly individuals, contact force overshoot
need to be avoided to ensure their safety. Cao et al. [21] proposed
an adaptive hybrid impedance control with a pre-PID tuner to
reduce force overshoot at the initial contact stage and improve
force tracking performance. Hammoud et al. [22] proposed a
global optimal control strategy considering contact uncertainty
to optimize the impedance curve and reduce the high impact
force during the transition phase of contact. Quifiones et al. [23]
used a Model Predictive Control (MPC) based approach to apply
a controlled and customizable force impulse to a human. The
above methods have excellent control effects and can effectively
alleviate the problem of force overshoot. In comparison, fuzzy
control offers a simpler structure and greater ease of implemen-
tation. Fuzzy-based variable impedance control strategies stand
out for their simplicity, adaptability, and ease of implementa-
tion. They effectively reduce force overshoot and oscillations,
ensuring smooth and precise force tracking in uncertain and
dynamic environments, making them highly suitable for robotic
applications [24-26]. Therefore, a fuzzy logic loop is proposed
to optimize system parameters, reducing contact force overshoot
and ensuring safe contact between the human and the shield.
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Fig. 2. Shield structure diagram. (a) Side cutaway view. (b) Front view.

To address the aforementioned challenges, a deformable multi-
keel shield is designed and a force control algorithm is proposed,
to ensure a safe and secure fit of the shield to the human body.
The content of this paper is as follows:

(1) A multi-keel deformable shield is designed with man-
machine contact force sensing function;

(2) An adaptive variable impedance control strategy is pro-
posed to track the desired human-machine contact force;

(3) A fuzzy logic loop is used to optimize the control parame-
ters and solve the overshoot of system contact force.

2. Deformable shield design
2.1. Structure design

The contact surface between the shield and the human body
is complex, which complicates the achievement of a close fit that
creates a sealed cavity. The process of the shield fitting to the
human body is similar to the process of the pangolin curling up.
We designed a deformable shield inspired by the structure of
pangolin scales. This shield primarily comprises a multi-section
deformable keel, a pressure sensor, and a skin-friendly silicone
lining as shown in Fig. 2.

We selected subjects of different body types for the experi-
ment, with BMI ranging from 30.2 to 19.6. The subject with a
BMI of 30.2 requires a bending angle of 15°, while the subject
with a BMI of 19.6 requires 45°. To accommodate a wider range of
body types, the shield bending angle range is set from 0°-60°. The
bending angle ranges for each keel are 0°-20°, 0°-15°, 0°-15°,
and 0°-10°.

Humans may experience a sense of being tightly wrapped
when the DSC robot encloses their body. Human perception of
force is subjective, so we refer to the contact force needs of some
massage robots [27-29], and set the suitable contact force range
to 3-8 N. The maximum contact force set in this study is 6N.
To ensure it remains within the allowable range, the overshoot
should not exceed 30%.

The deformable keel comprises four sequentially arranged keel
sections, along with a base. These four sections are connected
in series, with each adjacent pair linked by a single-rod double-
acting cylinder. To enhance comfort, soft skin-friendly silicone
lining is applied to the portions of the keel frame that come into
contact with the human body. Additionally, pressure sensors are
installed between the skin-friendly lining and the keel, creating a
human-machine contact force sensing system.

As shown in Fig. 2(b), seven pressure sensors are sequentially
positioned on the shield. A sensor is placed at the top of the
shield, labeled P4, and the remaining six sensors are arranged on
the left and right sides of the below three keel segments, labeled
Ps5 1, P55, Py 1, Py 2, P1 1, P1 5. These sensors enable the shield to
detect the contact force between the keel and the body, thereby
reflecting the states of contact between the shield and the user.
In order to ensure that the shield can be tightly fitted to the
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Fig. 3. Shield movement process.

human body, we chose the minimum pressure value as the force
feedback corresponding to the keel.

When the user needs to defecate, the bed under the hip opens
and the shield rises from under the bed to fit snugly over the
body’s private parts. The deformable shield is initially positioned
upright before conforming to the human body. Once it fits the hu-
man form, the pressure sensing system of the shield can monitor
the contact force between the edge of the shield and the body in
real time. The four cylinders extend from bottom to top, thereby
adjusting the bending angle of the shield to ensure a close fit
against the human body. This structure can efficiently prevent
sewage from splashing during defecation.

2.2. Contact process analysis

The process of the shield fitting to the human body is illus-
trated in Fig. 3. Initially, keel joint 1 moves towards the human
body. When the keel joint 1 contacts the human body and the
corresponding sensor (min |P; 1, P »|) detects the target contact
force, keel joint 1 ceases movement. Similarly, keel joints 2, 3,
and 4 move sequentially according to the same principles until
the shield is fully conformed to the human body and the sensors
achieve the target contact force.

We use the contact process between keel joint 1 and the hu-
man body as a case example to model the contact force applied by
the shield on the human body. The shield is modeled as a second-
order system consisting of mass, spring, and damper components,
while the human skin tissue is modeled as a first-order spring.
It is assumed that the contact force is directly proportional to
the depth of the shield’s embedding in the environment. The
parameters k., m, b, and k denote the environmental stiffness, the
mass, damping, and stiffness of the shield keel joint, respectively.

The contact process is divided into three stages:

(1) there is no contact between the shield and the human
body, resulting in the absence of contact force;

(2) a collision occurs between the shield and the human body;

(3) the contact force between the shield and the human body
reaches a stable state.

This paper primarily examines the contact force during the
latter two stages, focusing on enhancing the performance of
the force control strategy to achieve compliance transition and
improve force tracking accuracy in the stable contact stage.

3. Fuzzy adaptive variable impedance control of shield

A Fuzzy Adaptive Variable Impedance Control (FAVIC) strategy
is proposed to realize the tight fit between the shield and the hu-
man body, as shown in Fig. 4. The control strategy adds adaptive
variable impedance and a fuzzy controller to the force feedback
loop of impedance control. Set fg = [fa1,fu2. fu3, faal” TEpTE-
sents the expected contact force of the four keel joints closely

fitting to the human body. Similarly Xei = [Xe1, Xe2, Xe3, Xea]”
and AXe; = [AXer, AXez, AXe3, Axes]T respectively represent the
reference trajectory of the four keel joints and the corrected
trajectory obtained according to the contact force error, 6; =
[61, 02, 63, 04]T represents the actual angle of the four keel joints.

3.1. Adaptive impedance control

During the process of fitting the shield to the human body,
the complex dynamic changes in human skin that the human
body is stressed, along with the difficulty in directly obtaining
stiffness information from the skin’s surface, render traditional
constant impedance control strategies inadequate for adapting to
these intricate situations in a timely manner. Consequently, the
accuracy of force tracking is compromised.

To address this issue, a variable impedance control strategy
is proposed, which adjusts the damping and stiffness coefficients
in real time according to the force tracking error. By continu-
ously monitoring the deviation in force tracking, the impedance
coefficients are dynamically modified to sustain the steady-state
performance of the control system.

The contact force exerted between the shield and the human
body can be simplified as

Fe=ke(®e — ) (1)

where X, is the environmental position, x. is the shield position,
and k. is the environmental stiffness. The position disturbance
caused by the contact force is e = x, — Xe.

The contact force error is Af = f, — f4, where f; represents
the expected contact force.

The contact force error and displacement error are brought
into the constant impedance equation g(s) = 1/(ms® + bs + k),
and the new impedance equation is:

Af =m (xc - &e) +b (Xc - i‘e) + k(xc — Xe) (2)

When the contact surface is a complex dynamic case, X, is
unknown, and the environmental position estimate should not
be zero, that is X, # 0, or X, # 0, X, # 0. Assuming the
estimated environmental position X, = X.— 38X, the position error
is e = e + 8x., substituting e for e by Eq. (2), the result is:

Af = mé + bé + ké = m (& + 8%) + b (€ + &) + k(e + 5x¢) (3)

In order to ensure steady-state force tracking error is zero
(Afss = 0), the adaptive impedance parameter is designed to
compensate the time-varying error, while considering the stabil-
ity of the system, the adaptive impedance parameter is compen-
sated. Ab and Ak are used for dynamic compensation méx, +
bsx. + kéx., so the following adaptive variable impedance control
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Fig. 4. Fuzzy adaptive variable impedance control framework based on the shield.

rate is proposed:
Af = mé(t) + (b + AbY(t) + (k + AK)(t) (4)

The adaptive rate is as follows:
Ab = bey(t)/e
o (O =@p(t—A)+0lfat—2)—fe(t—1)]/b
Ak = kei(t)/e
GO =@t —=2)+nlfgt—2) —fe(t—21)]/k
where A is the sampling rate, o and n are the update rate of
damping coefficient and stiffness coefficient respectively. gp(t)

and ¢y (t) correspond to the real-time adjustments of the damping
and stiffness coefficients based on the force error data.

(5)

3.2. Fuzzy variable impedance control

During contact between the shield and the human body, the
collision characteristics can result in a sharp rise in the contact
force, leading to the issue of contact force overshoot, which can
easily lead to human injury. This overshoot problem can be ef-
fectively mitigated by adjusting the parameters of the impedance
controller. Fuzzy control is characterized by its simple structure,
strong anti-interference capabilities, and good robustness, mak-
ing it suitable for systems where obtaining accurate dynamic
models is challenging. Therefore, a fuzzy logic loop is introduced
to adjust the k and b instantaneously.

A two-input two-output fuzzy controller is designed to adjust
the stiffness coefficient k and damping coefficient b in real time.
The input variables of the fuzzy control loop are contact force
error & and contact force error change rate 8z, and the output
variables are stiffness coefficient correction and damping coeffi-
cient correction. The contact force error & and its rate of change
5 are defined as follows:

{ sf =fe_fd
8c = (e —fa)/ At

The outputs Abs and Aks of the fuzzy controller are lin-
early superimposed on the outputs Ab and Ak of the adaptive
impedance controller, respectively, as follows:

b = Abs + Ab

k = Aks + Ak

(6)

(7)

The experimental results show that better results can be ob-
tained by using 7 grades {NB, NM, NS, Z, PS, PM, PB}to describe
the state of input and output variables. Gaussian membership
function is selected. Membership functions for &, &z, Aby and Aks
are shown in Fig. 5.

When the shield is in contact with the human body, if the
contact force is too small, it cannot be effectively fitted, and
if the contact force is too large, it will cause damage to the
body. Therefore, the design of the fuzzy rule should follow these
principles:

(1) If the input & and Jy. are positive, it indicates that the force
error tends to increase and the contact force exceeds the expected
force. In order to protect the patient, the shield should have lower
rigidity. In this case, the fuzzy controller outputs a larger b and a
smaller k.

(2) If the input & and &z are negative, it indicates that the
force error tends to decrease and the contact force is below the
expected force. In order to better fit the shield and the human
body, the shield should have greater rigidity. In this case, the
fuzzy controller outputs a smaller b and a larger k.

We use the Mamdani method for fuzzy reasoning and weighted
average method for defuzzification. The fuzzy logic results of
output Aby and Aks of the fuzzy controller are shown in Fig. 6.

4. Simulation and experiment
4.1. Evaluation method

The Root Mean Square Error (RMSE) and Overshoot are used
to compare the performance of different control strategies. Lower
values of RMSE and Overshoot indicate higher force tracking
accuracy in the system and reduced overshoot during the initial
contact. RMSE and Overshoot are defined as follows:

n

1
H Z(Factual.i - Ftarget,i)2 (8)

i=1

RMSE =

Finax = Fss x 100% (9)
SS

where n represents the total number of data points, Fyerq,i is the

actual contact force, and Fiarget ; is the target contact force, Fingx is

the maximum value of the system response, Fg is the steady-state

value of the system.

Overshoot =
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Fig. 6. Fuzzy variable impedance controller. (a) Fuzzy control surface of k. (b) Fuzzy control surface of b.

4.2. Simulation results

A simulation experiment is conducted to verify the effective-
ness of the proposed strategy, on the contact force control system
within the MATLAB (2023b)/Simulink environment. We evaluated
and compared the constant force tracking algorithm of Constant
Impedance Control (CIC), Adaptive Variable Impedance Control
(AVIC), and the FAVIC introduced in this paper. For the purpose of
testing and comparison, the following simulation test focuses on
one direction. Detailed parameter settings are shown in Table 1.
The sampling period for the simulation is set at 5 ms.

Assuming that the contact environment is a plane and the
stiffness of the environment is unknown, the system tracks a
constant force. The results of the contact force response for each
keel section, along with the displacement curve of the keel sec-
tion, are presented in Fig. 7. It is evident from the figure that
during the process of the shield being fitted to the human body,
each keel section generates contact force with the human body

sequentially, indicating that the shield can achieve a close fit. In
comparison, CIC exhibits a larger force tracking error and a sig-
nificant force overshoot during the initial stage of contact. While
AVIC shows a smaller force tracking error, it also experiences
a force overshoot at the beginning of contact, as illustrated in
Fig. 7(a).

From the perspective of quantitative analysis, the results are
illustrated in Fig. 8. The average overshoot of the CIC and AVIC
algorithms is 28.468% and 19.463%, respectively, while the FAVIC
algorithm achieves an average overshoot of just 2.122%. This
demonstrates that FAVIC effectively mitigates the overshoot prob-
lem during the early contact stage and satisfies the design re-
quirement of keeping the overshoot below 30%. Additionally,
the mean RMSE values for CIC and AVIC are 0.548 and 0.137,
respectively, compared to 0.6903 for FAVIC. These results indicate
that FAVIC achieves precise tracking of the desired force and
effectively addresses the force-tracking problem.
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4.3. System composition

We use PID controller as the impedance control inner ring to
control the position of the cylinder. The maximum displacement
of the cylinder is 45 mm, the PID parameters are k, = 3.50, k; =
0.01, kg = 0.01 respectively. The control performance is shown in
Fig. 9(a). The position control accuracy of the cylinder is =1 mm,
which meets the control requirements.

The sensor calibration was conducted over a range of 10 g to
1.5 kg. The experimental results, as presented in the figure, indi-
cate a linear relationship between the applied pressure and the
sensor output. A linear fit yielded the equation y = 195.298x +
837.397 with a coefficient of determination (R?) of 0.977.

A bending response test of the shield was conducted by se-
quentially extending each joint to its maximum range. The bend-
ing angle of the shield was measured using an angle sensor.

The experimental results, as shown in Fig. 9(c), indicate that the
response time is between 1.5 to 2 s, which adequately meets the
practical requirements of the defecation care.

The hardware system composition of the deformable shield is
illustrated in Fig. 10, and includes the following components: a
STM32 control board (STM32F103ZE, DC 5V), a voltage amplifi-
cation module, a five-position three-way proportional directional
valve (MPYE-5-1/8-LF-010-B, FESTO, DC 24V), a solenoid valve
group (0520D, VALVE, DC 24V), an air pump (DC 24V), a pres-
sure sensor (PR-C7.6-LT, DC 5V), and a self-developed single-rod
double-acting cylinder. To ensure the device can deliver maxi-
mum contact force and overcome external resistance during the
experiment, we selected an air pump capable of providing a max-
imum atmospheric pressure of 120 kPa, which allows it to gener-
ate a maximum contact force of 12 N. The control board receives
data from the pressure sensor and calculates the output control
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Fig. 9. Performance experiment. (a) Cylinder control accuracy. (b) Pressure sensor calibration. (c) Response speed of the bending action.

Table 1 Table 2
Control parameter. Subjects’ detailed information.
Method Symbol Description Value Units Gender Age Weight/kg Height/cm BMI
m inertia 0.5 Nm/(rad s?) Person1 Male 27 925 175 30.2
CIC b damping 80 Nm/(rad s) Person2 Male 24 70 175 22.8
k stiffness 50 Nm/rad Person3 Female 24 63 181 194
- - Person4 Male 23 75 176 24.2
mop inertia base values 0.5 Nm/(rad s?)
bo damping base values 80 Nm/(rad s) Person5 Male 2 71 173 237
ko Stiffness base values 50 Nm/rad Persong Male 24 70 175 228
AVIC N Sampling rate 0.01 B Person7 Male 24 69 170 239
pang : Person$ Male 23 60 170 208
o Damping renewal rate 0.5 -
n Stiffness renewal rate 0.2 - Persond Male 25 60 175 196
Person10 Male 25 93 178 29.4
mo inertia base values 0.5 Nm/(rad s?)
bo damping base values 80 Nm/(rad s)
ko Stiffness base values 50 Nm/rad
FAVIC 2 Sampling rate 0.01 - force can smoothly track the expected contact force after a brief
o Damping renewal rate 0.5 - diust t iod. Th tact f in the stead tact
n Stiffness renewal rate 02 _ ddjustmen perlq - e .COH acC Ol.'CE 61‘1‘01.‘ n e steady contac
b Damped output limit 30 _ phase of the CIC is significant, and its tracking performance of the
ky Stiffness output limit 50 - expected force is suboptimal. In contrast, the AVIC demonstrates

signal, which is then transmitted to the five-position three-way
proportional valve via the voltage amplification module. The con-
trol board controls the valve opening of the proportional valve,
thereby regulating the air intake of the cylinder to manage its
speed and direction of travel. Additionally, the STM32 control
board governs the opening and closing of the solenoid valve
group based on the collected pressure data, enabling selective
control over the start and stop operations of the four cylinders.

4.4. Experimental results

To validate the simulation study, physical experiments are
conducted to assess the feasibility of the proposed algorithm.
As the pose of the model illustrated in Fig. 11, the subjects
are instructed to sit on the deformable shield designed in this
study and participate in the experiment. The process of the shield
conforming to the human body is depicted in Fig. 12. The sections
of the shield frame are bent and adjusted to fit the human body
from the bottom to the top. When the corresponding sensor value
reaches the desired force, the next keel section begins to conform
to the human body. In this section, the proposed control strategy
is applied to conduct experiments on ten healthy subjects, and
the experimental results are presented. All individuals voluntarily
agreed to participate in the experiment after obtaining ethical
approval from the Ethics Committee of Xuanwu Hospital, Capital
Medical University. The information of the subjects is shown in
Table 2.

The results of the experiment are illustrated in Fig. 13. Ini-
tially, the shield transitions from free space to the human. Once
the shield contacts the human body surface, the actual contact

superior steady-state force tracking; however, it exhibits a force
overshoot phenomenon during the initial phase of contact. On
the other hand, the FAVIC does not generate an impact during
the early contact phase and maintains a minimal steady-state
error. For subjects with BMI of 30.2 and 19.4, the contact force
response is illustrated in Fig. 13(a), (b). The fitting process takes
approximately 1.0 to 2.0 s, which aligns with the time required
to accommodate the human body prior to defecation.

We use quantitative evaluation to analyze the effectiveness of
different control strategies. As illustrated in Fig. 14, the perfor-
mance of the CIC algorithm in each joint is inferior to that of the
other two algorithms (AVIC, FAVIC), the mean RMSE is 0.147, with
an average overshoot of 15.307%, indicating the largest steady-
state error and overshoot. In comparison, the AVIC algorithm
achieves an average RMSE of 0.102 and an average overshoot of
8.984%, demonstrating improvements in both steady-state error
and overshoot. Furthermore, the mean control accuracy of the
FAVIC algorithm is 0.024, which is lower than that of CIC, and its
average overshoot is 1.74%, significantly lower than that of both
CIC and AVIC. These results indicate that the FAVIC algorithm ex-
hibits superior control performance, ensuring high force-tracking
accuracy while avoiding impact forces.

5. Conclusions

This paper designs a deformable shield of the non-wearable
DSC robot and proposes a contact force control strategy for dif-
ferent people. A deformable multi-keel joint shield equipped with
pressure sensing capabilities is designed to accommodate users
of varying body shapes and conform to the complex contact
surfaces of the human body. A dynamic physical characteristic
model of the interaction between the shield and the human body
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Fig. 12. Shield bending process.

is established, and the motion characteristics of the shield are
analyzed. Building upon traditional constant impedance control,
a variable impedance control strategy is proposed that maintains
excellent force tracking accuracy, even when interacting with
unknown human skin surfaces. To address the issue of force
overshoot in the initial contact phase of the variable impedance
control strategy, a fuzzy adaptive variable impedance control
strategy is introduced to mitigate the impact force by adjusting
the impedance parameters. The simulation results indicate that
the FAVIC demonstrates effective contact force control perfor-
mance, whereas the AVIC exhibits overshoot characteristics and
the CIC shows significant force deviation. Furthermore, FAVIC

achieves smooth contact force tracking performance during ex-
periments involving the fitting of the shield to the human body,
ensuring both accurate contact force tracking and the resolution
of contact force overshoot issues. The FAVIC effectively adapts to
complex variations in the contact environment, ensuring contact
force accuracy and minimizing force overshoot. This enhances
the comfort and safety of human-machine interactions, making
it highly significant for elderly care applications.

The next stage of research will focus on improvements in the
following areas: (1) The current actuator utilizes a cylinder, which
poses challenges for precise control. Future work will aim to
enhance the actuator design for improved accuracy. (2) The DSC
robot is designed to remain hidden under the bed when not in
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Fig. 14. Quantitative evaluation of experimental results. (a) Overshoot. (b) RMSE.

use. This study primarily addresses the fitting mechanism with
the user and does not delve into the control aspects of lifting,
alignment, or the forward and backward adjustments of the hip.
These aspects will be the primary focus of subsequent research.
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